The kidney is one of the major target organs for drug-induced toxicity. During drug development, the traditional markers of nephrotoxicity indicate only severe and late damage, which leads to high costs. The new biomarkers are needed for a more sensitive and reliable evaluation of nephrotoxicity, especially for the regulatory accepted and validated in vitro model. We developed an in vitro model based on the HK-2 cell using the biomarkers of nephrotoxicity as endpoints for the evaluation of nephrotoxicity. The predictive performance of the biomarkers including LDH, GGT, KIM-1, clusterin, CysC, NGAL, TIMP-1, GSTπ and osteopontin was evaluated with 22 well characterized compounds. The area under the curve (AUC) values of KIM-1, clusterin, CysC and osteopontin ranged between 0.79 and 0.84. The combination of clusterin, KIM-1 and/or osteopontin improved the AUC value (ranging between 0.88 and 0.95) compared to one biomarker. Taken together, these results suggest that the model based on the HK-2 cell using clusterin, osteopontin, CysC and KIM-1 as endpoints would allow the prediction of nephrotoxicity at early preclinical stages. † Electronic supplementary information (ESI) available. See
Introduction
The kidney is an important excretion organ, maintaining homeostasis and regulating the extracellular environment. The kidney receives about 20-25% of the cardiac output and is one of the major target organs for drug-induced toxicity. 1 Druginduced kidney injury is associated with increased morbidity and mortality of patients. Acute kidney injury (AKI) refers to the sharp decline in kidney function, including but not limited to acute kidney failure. 2, 3 It is reported that the druginduced kidney injury contributes to approximately 20% of patients with hospital-acquired AKI. 4 Furthermore, during drug development, 82% of preclinical projects failed because of safety problems, in which nephrotoxicity accounts for 8% according to the analysis of AstraZeneca's drug pipeline from 2005 to 2010. 5 Therefore, it is necessary to accurately predict and evaluate the nephrotoxicity to promote the drug development and avoid post-marketing withdrawal.
Altogether, the problems outlined above are the lack of preclinical models and biomarkers with high sensitivity and specificity. Despite their wide use, traditional markers, such as serum creatinine (SCr) and urea nitrogen (BUN), are known to have low sensitivity for the detection of early kidney injury because of the compensatory function of kidney. 6, 7 In 2008 and 2010, the Food and Drug Administration (FDA) and the European Medicines Agency (EMA) endorsed the use of several biomarkers including urinary total protein, kidney injury molecule-1 (KIM-1), clusterin, β2-microglobulin (β2-MG), cystatin C (CysC), trefoil factor-3 (TFF-3), renal papillary antigen-1 (RPA-1) and albumin for the prediction of AKI in rats. [8] [9] [10] Although the predictive performance of these novel biomarkers has been evaluated in different animal models, which is compromised by interspecies variability, high costs and low throughput, the biomarkers are rarely used in the in vitro highthroughput screening in early drug development. An accurate in vitro model can provide important information on the structure activity relationship and toxicity mechanism, which are useful for structure optimization and improving efficiency. 5 However, the regulatory accepted and validated in vitro model for the prediction of nephrotoxicity is not available.
It is generally accepted that the appropriate cell types and endpoints are crucial for developing the in vitro models for predicting nephrotoxicity. The renal proximal tubule cells (PTCs) express different kinds of drug transporters and metabolic enzymes, which can influence the effect of drugs. For a remarkable species difference, animal derived cells are more suitable for mechanistic research, but not for the prediction of nephrotoxicity. [11] [12] [13] The HK-2 cells are derived from human renal PTCs and have been used for the research of nephrotoxicity. 14 Although there are a large number of studies on in vitro models, they are mainly based on cell growth parameters, such as metabolism, cell death and apoptosis with low specificity. 12, [15] [16] [17] 18 Furthermore, most of the previous studies have been performed with a very limited number of compounds, which cannot determine the sensitivity and specificity of the models. [19] [20] [21] Therefore, to further understand the potential use of these novel biomarkers of nephrotoxicity in the in vitro model for the early prediction of nephrotoxicity, we investigated the predictive performance of these novel biomarkers of nephrotoxicity as endpoints using the HK-2 cells in the present study.
Materials and methods
Cell culture HK-2 cells (ATCC, CRL-2190; Manassas, VA, USA) were cultured in DMEM/F12 (Life Technologies; Carlsbad, CA, USA) supplemented with 10 µg mL −1 insulin, 5.5 µg mL −1 transferrin, 6.7 ng mL −1 sodium selenite (ITS-G, 100×; Life Technologies; Carlsbad, CA, USA), 100 U mL −1 penicillin (Life Technologies; Sydney, NSW, Australia), 100 µg mL −1 streptomycin (Life Technologies; Sydney, NSW, Australia) and 10% fetal bovine serum (FBS; Life Technologies; Sydney, NSW, Australia). The cells were plated in 96 well plates with a density of 5 × 10 3 cells per well, or 12 well plates with a density of 5 × 10 4 cells per well and maintained under an atmosphere with 95% air and 5% CO 2 at 37°C.
Compounds
According to the available literature and database, twenty two selected compounds were used in the study, which included 12 nephrotoxins (cisplatin, cyclosporine, aristolochic acid I, triptolide, rifampicin, 5-fluorouracil, gentamicin, tetracycline, ifosfamide, potassium dichromate, tobramycin and cadmium(II) chloride) that injured the kidney tubule cells and 10 nonnephrotoxic compounds (ibuprofen, furosemide, cyclophosphamide, azathioprine, acetaminophen, vancomycin, ciprofloxacin, doxorubicin, levodopa and acarbose) as shown in Table 1 . Gentamicin was obtained from Sigma-Aldrich (St Louis, MO, USA). Potassium dichromate and cadmium(II) chloride were purchased from Aladdin (Shanghai, China). Other compounds were purchased from the National Institutes for Food and Drug Control (Beijing, China). The stock solutions of the test compounds 1-6, 13-17 and 21 were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich; St Louis, MO, USA). The stock solutions of other test compounds were prepared with water. Vehicle controls were performed with 0.5% DMSO alone. All stock solutions can be stored for up to 3 months in the dark at 4°C.
Cell count kit-8 (CCK-8) assay
The CCK-8 (Dojindo; Kumamoto, Japan) assay was used to assess cytotoxicity according to the manufacturer's instructions. In brief, the cells were treated with selected compounds in different concentrations for 24 h in 96 well plates. And then 100 µL 10% CCK-8 dissolved in cultured medium was added to each well and incubated for 2 h at 37°C, 5% CO 2 . The absorbance was determined at 450 nm using a Victor X5 Multilabel Reader (PerkinElmer, Waltham, MA, USA). The different concentrations of cisplatin (1, 2, 4, 8, 16, 20, 40, 80, 160, 200 µM), cyclosporin (1, 2, 4, 8, 16, 20, 40, 80, 160, 200 µM), aristolochic acid I (1, 2, 4, 8, 16, 20, 40, 80, 160, 200 µM), gentamicin (0.1,0.2, 0.4, 1, 2, 4, 10, 20, 40, 100 mM) were used and the 50% inhibitive concentration (IC 50 ) was determined using GraphPad Prism 6 software Inc. (La Jolla, CA, USA). The different concentrations of 22 compounds in predictive performance analysis are shown in Table 1 . All assays were performed with at least three replicates.
Apoptosis assay
The cells were seeded into 12 well plates (Corning Incorporated, USA) with a density of 5 × 10 4 cells per well. The cells were cultured for 48 h and then treated for 6, 24 and 48 h with the test compounds (cisplatin: 2, 4 µM; cyclosporin: 4, 8 µM; aristolochic acid I: 8, 16 µM; gentamicin: 4, 8 mM). All assays were performed with three replicates.
Apoptosis assay was performed using an FITC annexin V apoptosis detection kit (BD Biosciences, San Diego, CA, USA) according to the manufacturer's instructions. Briefly, harvested cells were washed twice in cold stain buffer, pelleted by centrifugation and resuspended with binding buffer to a final concentration of 1 × 10 6 cells per mL. Then 5 µL FITC annexin V and 5 µL propidium iodide were added to 100 µL single cell suspension and incubated for 15 min at room temperature in Table 1 The test compounds were used in the study. Compounds 1-12 were classified as positive that are known to directly damage the PTC while compounds 13-22 non-PTC-damaging and vehicle control were classified as negative
No Compound
Concentration Classification the dark. After the binding buffer was added, the cells were analysed by flow cytometry (Beckman Coulter, UK) and the analysis was performed using FlowJo Version 7.6.1.
Marker analysis
The cells were seeded into 12 well plates (Corning Incorporated, USA) with a density of 5 × 10 4 cells per well. The cells were cultured for 48 h and then treated for 6, 24 and 48 h with the test compounds (cisplatin: 2, 4 µM; cyclosporin: 4, 8 µM; aristolochic acid I: 8, 16 µM; gentamicin: 4, 8 mM). All assays were performed with three replicates. The culture medium was collected for the determination of biomarkers and the cells were collected for RNA isolation. The kits for lactate dehydrogenase (LDH), alkaline phosphatase (ALP), gamma-glutamyl transpeptidase (GGT) and N-acetyl-β-D-glucosaminidase (NAG) were purchased from Wako (Japan) and were conducted successively using a 7180 automatic biochemistry analyzer (Hitachi, Japan). Collagen IV, calbindin, Fatty Acid Binding Protein 1 (FABP-1), glutathione-S-transferase α (GSTα), GSTπ, interferon-induced protein-10 (IP-10), KIM-1, osteoactivin, renin, TFF-3, TIMP-1, α1-microglobulin (α1-MG), albumin, clusterin, CysC, epidermal growth factor (EGF), neutrophil gelatinase associated lipocalin (NGAL) and osteopontin were determined using MILLIPLEX® MAP Human Kidney Injury Magnetic Bead Panels 1 and 2 (Billerica, MA, USA), respectively, following the manufacturer's instructions. The assays are performed on a Luminex® 200 (Austin, TX, USA) which combines a sandwich ELISA immobilized on microparticle beads and flow cytometry. The data were analysed on MILLIPLEX Analyst 5.1 Software (Billerica, MA, USA).
Quantitative real-time PCR
The total RNA in the cells was isolated using an RNAprep Pure Cell/Bacteria Kit (Tiangen Biotech; Beijing, China) after the culture medium was collected in marker analysis. The cDNA synthesis was performed using a FastQuant RT Kit (with gDNase) and SuperReal PreMix Plus (SYBR Green) (Tiangen Biotech; Beijing, China). The qPCR (up to 40 cycles) was then performed with an Applied Biosystems 7500 Fast Real Time PCR System (Carlsbad, CA, USA). The procedures were carried out according to the manufacturers' instructions with the software included in the device. The data analysis was performed on 7500 Software version 2.0.6. The mRNA levels were determined by the 2 −ΔΔCT method and expressed as mean ± SD (n = 3). The primers were purchased from Sangon Biotech (Shang, China). The primer sets of the target markers are shown in Table 2 and GAPDH was the internal control.
Predictive performance analysis
HK-2 cells were seeded into 96 well plates (Corning Incorporated, USA) with a density of 5 × 10 3 cells per well. The cells were cultured for 48 h at about 70% confluent density and then were induced after exposure to the compounds for 24 h. All assays were performed with three replicates per compound per concentration. The concentrations of 22 compounds were determined by CCK-8 assay as shown in Table 1 to induce cell injury. The culture media were collected for the determination of target marker levels including KIM-1, clusterin, CysC, NGAL, GSTπ, TIMP-1, osteopontin, LDH and GGT. The cells were stained with Hoechst 33342 (1 : 4000, 2.5 μg mL −1 ) purchased from Molecular Probes (Life Technologies; Carlsbad, CA, USA), and then imaged and analysed using an In Cell Analyzer 2000 workstation (GE Healthcare Bio-Sciences Corp., USA). From each well, 9 images were acquired, and cell nuclei were counted in each individual image. Then the average cell numbers per well were derived from these data and the cell viabilities were determined.
Statistical analysis
The apoptosis analysis was performed using FlowJo Version 7.6.1 (Ashland, OA, USA). The difference between treated versus control groups was assessed by one-way analysis of variance (ANOVA) using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). Analysis of the receiver operating characteristic curve (ROC), and calculation of the area under the curve (AUC) and the maximum Youden's index (YI) were conducted to evaluate different markers with sensitivity and specificity as previously described with slight modifications using IBM SPSS Statistical 19.0 (SPSS Inc. Chicago, IL, USA). 21 The combined diagnostic value of clusterin, osteopontin and KIM-1 was determined by binary logistic analysis. p < 0.05 values were considered as statistically significant.
Results

Drugs inhibited the growth of HK-2 cells
To investigate the cytotoxic effects of compounds in vitro, CCK-8 assay was conducted in HK-2 cells treated with the four compounds (cisplatin, cyclosporin, aristolochic acid I and gentamicin). HK-2 cells were treated with these compounds for 24 h in different concentrations and IC 50 values were 10.1 µM, 16.9 µM, 37.4 µM and 22.3 mM, respectively, for cisplatin, cyclosporin, aristolochic acid I and gentamicin implying that the four compounds inhibited the growth of HK-2 cells in a dose-dependent manner (Fig. 1) . The concentrations of about Primers   GAPDH  Forward: 5′-GGCATCCACTGTGGTCATGAG-3′  Reverse: 5′-TGCACCACCAACTGCTTAGC-3′  KIM-1  Forward: 5′-CGTCCACCGCAAATGCTT-3′  Reverse: 5′-TCTGCGCAAGTTAGGTTTTGTC-CysC  Forward: 5′-GCCTGTGCCTATCACCTCTTAT-3  Reverse: 5′-CCTTCTCTGTCTGTCTCCTGGT-3  TIMP-1 Forward: 5′-GGGGCTTCACCAAGACCTAC-3′ Reverse: 5′-GGAAGCCCTTTTCAGAGCCT-3′ Clusterin Forward: 5′-CCAGGACAGGTTCTTCACCC-3′ Reverse: 5′-CGTACGGAGAGAAGGGCATC-3′ GSTπ Forward: 5′-TATTTCCCAGTTCGAGGCCG-3′ Reverse: 5′-TACAGGGTGAGGTCTCCGTC-3′ Osteopontin Forward: 5′-TCACTGATTTTCCCACGGACC-3 Reverse: 5′-CAGGGTACTGGATGTCAGGTCT-
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Toxicol. Res., 2018, 7, 1205-1213 | 1207 1/5 and 2/5 IC 50 for the four compounds were used for apoptosis analysis, marker analysis and PCR analysis.
Drug induced apoptosis of HK-2 cells
To examine whether the four compounds could induce growth inhibition involving apoptosis, the FACS analysis was conducted. As shown in There was an obvious increase of KIM-1, TIMP-1, NGAL, clusterin, CysC, GSTπ and osteopontin in HK-2 cells in treatment groups compared to the vehicle control group, as shown in Fig. 3 and 4 . The protein levels of the above biomarkers in the treatment groups of four compounds more than doubled com- Fig. 1 The cytotoxic effects of four compounds (cisplatin, cyclosporin, aristolochic acid I and gentamicin) administered to HK-2 cells, respectively. 
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pared to the vehicle control group at 24 and 48 h. The levels of KIM-1, TIMP-1, osteopontin and GSTπ at 6 h more than doubled. The increase of protein levels for the above biomarkers in the treatment groups of four compounds was doseindependent once cell damage was caused. And there was no significant difference in protein levels for most biomarkers at 24 h or 48 h. However, no significant increase of calbindin, albumin, osteoactivin, renin, collagen IV and α1-MG was found in treatment groups in comparison with the vehicle control group (ESI, Fig. S1 and S2 †) while the levels of GSTα, IP-10, FABP-1, TFF-3 and EGF were below the detection limit.
Furthermore, the levels of ALP, NAG, LDH and GGT were also investigated. As shown in Fig. 5 , the obvious increase of LDH was observed in treatment groups at 48 h, but not at 6 and 24 h. There was an obvious increase of GGT in treatment groups in comparison with the vehicle control group. However, the level of NAG increased only in several treatment groups at 6, 24 and 48 h and the level of ALP did not change significantly in treatment groups compared to the vehicle control group.
Changes in mRNA levels of seven biomarkers
To further determine the levels of biomarkers, we evaluated the mRNA level of the seven above-mentioned biomarkers including KIM-1, clusterin, CysC, NGAL, TIMP-1, GSTπ and osteopontin. As shown in Fig. 6 and 7 , the mRNA level of these biomarkers more than doubled compared to the vehicle control group, especially increasing at least three times for CysC at 24 and 48 h, and GSTπ at 48 h. Therefore, both protein and mRNA levels of the seven biomarkers increased significantly in treatment groups at 24 h compared to the vehicle control group. 
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Predictive performance analysed with 22 compounds
Then the HK-2 cells were treated with 22 compounds to determine the predictive performance of endpoints. Compounds 1-12 were classified as positive that are known to directly damage the PTC while compounds 13-22 non-PTC-damaging and vehicle control were classified as negative. Since the increase of protein levels was dose-independent once cell damage was caused and there was no significant difference in protein levels for most biomarkers at 24 h or 48 h, the growth inhibition of HK-2 cells induced by 22 compounds at 24 h was determined by CCK-8 assay as shown in Table S1 † to confirm the suitable concentration. The highest protein level for KIM-1, clusterin, CysC, NGAL, GSTπ, TIMP-1, osteopontin, LDH and GGT, and the lowest level for cell viability were determined (ESI, Fig. S3 -S5 †) at 24 h. As described by a previous report, the analysis of the ROC curve was performed as shown in Fig. 8 . 21 The AUC values, sensitivity, specificity and Youden's index (YI) are shown in Table 3 . YI (sensitivity + specificity−1) is a single statistic suggested by W. J. Youden, which could accurately evaluate the predictive performance of a diagnostic test more than sensitivity or specificity. 22 The predictive performance was high for KIM-1, clusterin, osteopontin and CysC with AUC values of 0.84, 0.83, 0.81 and 0.79, respectively. The combination of clusterin, KIM-1 and or osteopontin improved the diagnostic value compared to one biomarker (AUC values ranging between 0.88 and 0.95). However, the predictive performance was very low for NGAL, GSTπ, TIMP-1, LDH, GGT and cell viability with the AUC values of 0.69, 0.67, 0.67, 0.67, 0.56 and 0.56, respectively. 
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Discussion
Nephrotoxicity is also a significant adverse effect of many marketed drugs. Although in vivo tests have been used in the evalu-ation of multiple toxic compounds, in vitro tests are more cost effective, practical and expedient, which support the early toxicity prediction of large numbers of compounds prior to in vivo tests. 19 Although many biomarkers of nephrotoxicity have been evaluated and applied in preclinical and clinical studies, they are rarely examined in vitro at an early screening stage. In the study, we investigated the potential of biomarkers of nephrotoxicity in HK-2 cells as an in vitro screening model and compared the predictive performance of biomarkers of nephrotoxicity and cytotoxic endpoints. The difficulties in developing in vitro models for the evaluation of nephrotoxicity may be due to the cell types. In comparison with the isolated perfused kidney, kidney slices and primary renal cells, immortalized cell lines can be easily obtained and properties can be kept stable for a long time. 11, 12, 23, 24 With functional, morphological and biochemical characteristics of human PTC, HK-2 cells have been used in a variety of in vitro research studies of nephrotoxicity. 20, 21, 25, 26 Herein, the four compounds (cisplatin, cyclosporin, aristolochic acid I and gentamicin), representing a variety of nephrotoxicants, were chosen to verify the cytotoxicity and the levels of biomarkers of nephrotoxicity. With a very low level of megalin, the gentamicin uptake was altered in HK-2 cells. 27 We found that HK-2 cells were less sensitive to gentamicin (IC 50 value of 22.3 mM) compared to other three compounds with low IC 50 (µM). It has been found that cisplatin could induce the apoptosis of HK-2 cells. 20 In the study, we found a similar effect of the four compounds on HK-2 cells. These results imply that the observed inhibitory effect of four compounds on the growth of HK-2 cells may be due to the induction of apoptotic cells.
In addition, it is difficult to understand the functional state of cells and identify appropriate endpoints in vitro. In the study, the apoptosis analysis of the four compounds further confirmed that the concentration could injure the HK-2 cells to some extent. As the same with recently reported biomarkers for nephrotoxicity evaluation in vivo, we also found that the protein and mRNA levels of KIM-1, clusterin, CysC, NGAL, TIMP-1, GSTπ and osteopontin in HK-2 cells significantly increased. 10 And also the levels of LDH and GGT under the same conditions increased to some extent. However, these endpoints increased in a dose-independent manner once cell damage was caused and there was no significant difference in protein levels for most biomarkers at 24 h or 48 h, which may be explained by the fact that the expression depends on the functional state of cells, not the injury degree. Therefore, the concentrations of compounds and the treatment time were determined in the predictive performance analysis. It has been investigated that KIM-1, calbindin and TIMP-1 can be effectively used as biomarkers for cisplatin induced nephrotoxicity, while β2-MG, CysC, NGAL and clusterin are not affected by cisplatin treatment in the HK-2 cells using western blot and reverse transcription PCR analysis. 20 It is also reported that the cytotoxicity of HK-2 cells correlates with the levels of biomarkers ( particularly KIM-1, GSTα) in rat urine, as well as the histopathological changes in kidneys. 28 A significant and con- 
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Toxicol. Res., 2018, 7, 1205-1213 | 1211 sistent up-regulation of NGAL, KIM-1 in HK-2 cells, LLC-PK1 cells and human primary renal PTCs in vitro treated with gentamicin and CdCl 2 was observed. 21 The changes in mRNA levels of KIM-1, NGAL and M-CSF were identified, but not protein levels of the three biomarkers in HK-2 cells treated with cisplatin. 18 Intriguingly, in the current reports, the findings of biomarkers are not the same. These results might be explained by the fact that the levels of biomarkers can be affected by many factors including the cell type, injury mechanism and cellular response. Furthermore, the absolute levels of biomarkers in vitro are much lower than in vivo because of the inherent limitations of the in vitro model. All these findings may explain why the regulatory accepted and validated in vitro model for the prediction of nephrotoxicity is still not available. Meanwhile, only one endpoint may not be sufficient for predictive models in early preclinical screening. In our study, considering the functional state of cells and protein levels of these biomarkers with the treatment time, we compared the predictive performance of different endpoints as shown in Table 3 when the HK-2 cells were treated with 22 compounds for 24 h. The protein levels of biomarkers in culture medium were used as endpoints with high throughput, but not the mRNA levels. These compounds used here were drugs that are widely applied in clinical practice or chemicals that are well characterized, for which the data in vivo and in vitro are well available. The cell viability, GGT and LDH were used as the endpoints with the AUC values of 0.56, 0.56 and 0.67, respectively, suggesting that the accuracy would not be better than chance. This is illustrated by a recent study on organ specific toxicity, where HepG2, H9c2 and NRK-52E cells were treated with 621 compounds (273 hepatotoxicants, 191 cardiotoxicants, 85 nephrotoxicants and 72 nontoxic compounds). In the study, low sensitivity and specificity were observed when the endpoint was ATP. 24 In other studies, the predictive performance was low when cell viability, LDH, GSH and ATP were used as the endpoints in human primary renal proximal tubule cells (HPTC) or human embryonic stem cell (hESC) derived HPTC like cells treated with 41 compounds. 21, 26 These results illustrate that general cytotoxic endpoints might not be useful for organ specific assays.
In the studies aiming at the development of in vitro models, a comprehensive comparison of different PTC cell types was made with 41 well characterized compounds using the mRNA levels of IL6/IL-8 as endpoints. The best in terms of predicting nephrotoxicity was HPTC (AUC value of 0.85), followed by hESC derived cells (AUC value of 0.80). And the AUC values for HK-2 and LLC-PK1 cells were 0.71 and 0.73, respectively. Though HPTC expresses a broad variety of drug transporters and metabolizing enzymes, there are some obvious disadvantages including inter-donor variability, functional change, cell source limitation and the limited proliferative capacity, implying that the model is not suitable for high throughput screening taking into account the labor-intensive and time-consuming PCR method. 21, 26 Here, we developed an in vitro model for the prediction of nephrotoxicity using the HK-2 cells based on novel biomarkers of nephrotoxicity as endpoints, which distinguishes our model from other models. In comparison with the cytotoxic endpoints, the predictive performance of these biomarkers significantly improved. The AUC values of clusterin, osteopontin, CysC and KIM-1 ranged between 0.79 and 0.84 except for GSTπ and TIMP-1. These results show that the predictive performance of the model based on the four biomarkers is high and it would be expected in 79%-84% of the cases where compounds are correctly predicted as positive or negative. It has been reported that the combination of biomarkers maximizes the advantages of single biomarkers and the accuracy of prediction of nephrotoxicity is higher than the single biomarker. 21, 29 We also found that the combination of clusterin, KIM-1 and/or osteopontin improved the diagnostic value compared to one biomarker (AUC values ranging between 0.88 and 0.95).
Conclusions
Together, we have developed an in vitro model based on the HK-2 cells using clusterin, osteopontin, CysC and KIM-1 as endpoints for the evaluation of nephrotoxicity at an early screening stage with high predictive performance. The AUC values range between 0.79 and 0.95 when the four biomarkers are used individually or in combination. This would provide additionally valuable information for hit-to-lead discovery and lead optimization at the early stage. Furthermore, the predictive performance of the model also needs further validation with more compounds in prospective studies.
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